PURPOSE
Comparison of morphologic and dynamic methods of hip ultrasonography (US) to differentiate normal from abnormal findings in the diagnosis of developmental dysplasia of the hip (DDH).
MATERIALS AND METHODS
A total of 6,800 hips in 3,400 infants were examined with US, using the morphological method of Graf, and the dynamic method of Harcke.
RESULTS
According to the Graf classification 81.47% of infants had Type 1 (normal hip), 10% Type 2a (physiologic immaturity), 2.44% Type 2b (acetabular dysplasia), 1.05% Type 2c (critical zone hip), 2.89% Type 3 (mildly dislocated), and 2.10% had Type 4 (dislocated) hips. Study in the transverse/neutral plane showed a normal relationship between the femoral head and the acetabulum in the 6,460 hips that were classified as Type 1-2c, that the hip was subluxated in 197 hips of Type 3, and was luxated in 143 hips of Type 4. Dynamic study with stress maneuver of the Type 1-2a hips showed that while 91.48% of the Type 1 hips (n = 5540) were stable and 8.52% were unstable, 92.37% of the Type 2a hips (n = 682) were stable and 7.63% were unstable. Dynamic study was not performed in cases that were diagnosed as Type 2b or worse. Follow-up US showed progression from Type 2a to Type 2b in 2.63% of Type 2a cases. Of the cases, 1.7% that were morphologically normal (Type 1) but unstable in their initial US examination, were revealed to be Type 3 later in the repeat US examination.
CONCLUSION
We believe that overtreatment and delayed treatment rates of DDH will be minimized by the use of both morphological and dynamic US methods in the evaluation of the newborn hip.
views were obtained with the leg either in neutral position or flexed at the hip and the knee. Great emphasis was given to assessment of the hip in the standard coronal plane, as described by Graf. This plane is parallel to the longitudinal axis of the iliac bone, and represents the deepest point of the acetabulum. Attention was paid to define clearly on the image the three reference points of lower iliac margin, bony acetabular rim, and acetabular labrum, to make sure that the standard coronal plane was obtained ( Fig. 1) . Each hip was classified morphologically according to Graf's classification ( Table 1) .
The position of the femoral head over the triradiate cartilage was assessed in the transverse neutral view. The hips were classified as normal, subluxated, or luxated according to the relationship between femoral head and the acetabulum in this view (Fig. 2) .
Stability of the hip was assessed with the dynamic examination, which was performed by applying stress to the hip via Barlow's maneuver (by flexing and adducting the hip, and pushing the thigh posteriorly). Transverse flexion in the transverse and coronal planes by a linear probe (band range, 5-7.5 MHz), through a lateral approach to the hip while the infant lay in a lateral decubitus position. For morphological analysis of the hip, transverse and coronal and coronal flexion views were used for the dynamic examination. The hip was classified as stable or unstable according to this examination. Dynamic examination was not performed if the hip was classified as Type 2b (acetabular dysplasia) or worse according to Graf's classification by morphologic analysis. Hips that had a normal relationship between the femoral head and the acetabulum in the transverse neutral view, (classified as Type 1 according to the Graf's classification), and that were found to be stable in the dynamic study, were accepted as normal and were not called back for a repeat US.
Hips that had a normal relationship between the femoral head and the acetabulum in the transverse neutral view [classified as Type 2a (physiologic immaturity) according to the Graf's classification], and that were found to be stable in the dynamic study were followed up by US at one-month intervals until the infants were 3-4 months old or had Type 1 morphology.
Hips that had a normal relationship between the femoral head and the acetabulum in transverse neutral view (classified as Type 1 or 2a according to the Graf's classification), and that were found to be unstable in the dynamic study, were followed up with US at one-month intervals. Hips that were stable by these US examinations were accepted as normal and had no treatment; however, if the instability persisted and a morphologic abnormality developed in these patients, the hip was classified according to the morphology, and treatment was given.
Hips that were classified as Type 2b (acetabular dysplasia) or worse by morphological analysis were also examined in the transverse neutral view to determine the relationship between the femoral head and the acetabulum, and were classified as normal, subluxated, or luxated according to this relationship. Dynamic study by applying stress was not performed in this group, whereas follow-up US examinations at one-month intervals were used to evaluate the response to treatment.
The study was approved by the instutional review board.
Results
In our study, the distribution of 6,800 hips according to the Graf's classification was as follows: 5,540 (81.47%) Type 1 (normal hip), 682 (10%) Type 2a (physiologic immaturity), 166 (2.44%) Type 2b (acetabular dysplasia), 72 (1.05%) Type 2c (critical zone), 197 (2.89%) Type 3 (mildly dislocated), and 143 (2.10%) Type 4 (dislocated).
Hips that were grouped as Type 1 and Type 2a-c according to Graf's classification (n = 6,460 hips) had the femoral head in its normal position, which appears as centered over the triradiate cartilage in the transverse neutral view, while all of the 197 hips that were grouped as Type 3 were subluxated, and all of those (n = 143 hips) that were grouped as Type 4 were luxated. Classification of the cases according to the Graf's method, and results of the study in the transverse plane and in neutral position are shown in Table 2 .
Among the 5,540 hips that were grouped as Type 1 according to Graf's classification, 91.48% (n = 5,068 hips) were stable in dynamic examination while 8.52% (n = 472 hips) were unstable (Fig. 3) . The age range of the cases with instability and Type 1 mor- Figure 3 . a, b. Hip that is morphologically normal but dynamically unstable. Normal hip in coronal neutral US view, = 62 and = 50 (a). Femoral head that is displaced laterally when stress is applied to the hip (unstable hip) (b). When stress is applied, the beta angle increases from 50° to 70°. phology was 15-75 days. In the group classified as Type 2a (n = 682 hips), the rates of stability and instability with dynamic examination were 92.37% (n = 630 hips) and 7.63% (n = 52 hips), respectively (Table 3) . So, among the 6,222 hips that were grouped as Type 1 or 2a and did not require treatment according to Graf's classification, 524 hips (8.42%) were found to be unstable in dynamic US examination. These 524 hips (in a total of 300 infants; 224 with bilateral instability, and 76 with unilateral instability) were followed by US at one-month intervals without treatment. Of these 524 hips, 516 (in 224 infants with bilateral instability and 68 infants with unilateral instability) became stable in one or two months, were found to be stable with the dynamic method, and were classified as Type 1 according to the morphological assessment in the control US. In eight hips (eight infants with unilateral instability), stabilization did not occur, and six of them were diagnosed with Type 3 on morphological assessment at three months of age, while two of them had the same diagnosis at 4-5 months of age (Table 4 ). All of these eight hips were classified as Type 1 with the initial US examination. In other words, when we consider the hips that were diagnosed as Type 1 with the initial US (n = 5540), the incidence of late DDH was 8/5540 (0.14%).
b a
Six hundred and eighty-two hips which that were diagnosed as Type 2a with the initial US examination had follow-up examinations with onemonth intervals, and in 18 of them (18/682, 2.64%) no stabilization was observed. They underwent treatment with the diagnosis of acetabular dysplasia (Type 2b).
In our study, abnormality that required treatment was found in a total of 578 hips (8.5%). Of these, 166 hips (2.4%) were classified as Type 2b (acetabular dysplasia), 72 hips (1%) as Type 2c (critical zone), 197 hips (2.8%) as Type 3 (mildly dislocated) and 143 hips (2.1%) as Type 4 (dislocated) (Figs.  4, 5) .
Discussion
Physical examination cannot reliably diagnose dysplastic hips, and may also miss unstable or even dislocated hips. In addition, it may result in overtreatment because of false-positive findings (5, 6). According to the litera- ture, US is the most reliable method in the diagnosis of DDH (7) (8) (9) . The greater proportion of cartilage in the acetabulum and femoral head in the newborn increases the sensitivity of US (4, 10) . Different techniques for examination of the newborn hip by US have been described. Among the others, two methods are widely accepted:
The morphological method, which was developed by Graf (1), and the dynamic method, which was developed by Harcke and Grissom (11). Graf's method requires several measurements of angles. In addition, obtaining the correct sectional plane requires skill and experience; hence, the expertise of the operator has a significant effect on the results of the study. Because of the importance of accurate diagnosis of instability in the newborn hip (12) , researchers have sought alternative methods, which are more practical, easy to learn, and less operator-dependent.
Soon after Graf's publication of the morphological method, Harcke and Grissom developed a different technique, the dynamic method. This method focuses on the position of the femur and stability of the hip to discern the clinical significance of "sonographic" DDH (10, 11) . Similar methods have been developed by other researches. For example, Morin et al. classified hips as normal, indeterminate, and abnormal according to the proportion of the femoral head coverage by acetabulum (13). Keller et al. applied the Barlow maneuver to demonstrate instability of the hip in the transverse plane (14) .
In opposition to the researchers who defend the importance of detection of the hip instability with dynamic US methods, Graf suggests that with dynamic examination, physiological variations due to age cannot be distinguished from the real dysplasia (1).
The complex morphology of the newborn hip, and its dynamic maturation process makes it diffucult to evaluate by US. In addition, differences in interpretation between the various methods of hip US cause confusion of terminology, and result in overlap of normal and abnormal findings; difficulties in diagnosis, follow-up, and treatment; and overtreatment in some cases (12, 15) .
In our study, in order to determine which hips are normal and which are abnormal, and which cases should be followed up or treated, we compared Graf's method of morphological analysis of the hip and Harcke's dynamic method. We also tried to determine if every hip that is morphologically normal is stable in dynamic study, and if every hip that is unstable in dynamic study is abnormal or will become abnormal morphologically.
Review of the literature reveals few comparative studies of neonatal hip morphology and instability. A study published by Finnbogason et al. (16) compared physical examination, Graf's method, and the dynamic method. In this study, 10% of cases were reported as unstable with dynamic study, 14% unstable with physical examination, and 20% as immature with Graf"s method. They stated that the followup rate due to indeterminate examination results increases when Graf's technique is used. In our study, follow-up due to instability was 8.42%, and follow-up due to physiologic immaturity (Type 2a morphology) was 10%. In other words, the follow-up rates of the two techniques were similar.
In a study comparing dynamic US with the clinical stress test, Finnbogason et al. (17) reported a treatment rate of 0.85% based on physical examination, and 0.49% based on dynamic US. These authors emphasized that the rate of overtreatment was higher when determined by physical examination. A study by Rosendahl et al. (18) , which compared physical examination and US findings, found that reliance on US findings tended to cause overtreatment. Review of the literature shows many controversial or opposing studies concerning DDH diagnosis, follow-up, and treatment. The explanation of this disagreement may be false interpretation of the variations of the normal physiological development as a pathologic process of the hip in some studies, as well as differences of terminology between radiologists and clinicians, and differences of physical examination and hip US standards.
In the study of Rosendahl et al. (19) , 91% of hips in infants with normal hip morphology were found to be unstable, and 49% of the unstable hips were found to have normal morphology. In this study, it was concluded that unstable hips that have normal morphology stabilized spontaneously, and that morphology was an important diagnostic criterion. In a study of infants who were 2-4 weeks old and had normal hip morphology and bilateral or unilateral hip instability, half were treated with Frejka's pillow, and the other half were not treated (20) . Follow-up ultrasounds did not show a significant difference between the two groups, and it was concluded that sonographic instability in morphologically normal or immature hips had no clinical significance.
In our study, infants with normal hip morphology and bilateral or unilateral hip instability did not undergo any treatment, but had US follow-up. In 1.53% of these, the abnormility persisted, and Type 3 morphology developed during follow-up. These were considered as 'late DDH' cases in the present study, and their incidence was found to be 0.14%, which is consistent with the rate of 0.17% that is reported as late DDH incidence in the literature (21) . We believe that unstable hips with normal morphology do not require immediate treatment because spontaneous recovery takes place in the majority of cases; however, they should have follow-up US examinations. In as many as 1.7% of them, as demonstrated in the present study, late DDH may develop.
Infants with Type 2a hips are younger than three months old and are expected to complete their hip development spontaneously and become normal by the time they reach three or four months of age (18) . However, in a minority of Type 2a cases, maturation of the hip is not completed by four months of age (4, 5) . These should be considered to Type 2b (acetabular dysplasia), which requires treatment (22) . Therefore, Type 2a hips should be followed by US until hip maturation takes place and Type 1 morphology develops. In the present study, maturation of the hip did not occur in 2.63% of the Type 2a hips. These hips became Type 2b. This rate was found to be 3.3% in a study by Rosendahl et al. (18) . In another study, the frequency of Type 2a was reported as 11.8%. In 1.78% of these cases, progression to Type 2b was detected (23) .
In the literature, a relationship was found between hip instability and reduced acetabular depth in the newborn in a comparative study of physical examination and morphological US (15) . In the present study, 7.63% of Type 2a hips were found to be un-
